Two sequences important for pre-mRNA splicing precede the 3' end of introns in higher eukaryotes: the branchpoint (BP) and the polypyrimidine (Py)-tract. Initial recognition of these signals involves cooperative binding of the splicing factor SF1/mBBP to the BP and of U2AF 65 to the Py-tract. Both factors are required for recruitment of the U2 small nuclear ribonucleoprotein particle (U2 snRNP) to the BP in reactions reconstituted from purified components. In contrast, extensive depletion of this factor in Saccharomyces cerevisiae does not compromise spliceosome assembly or splicing significantly. As BP sequences are less conserved in mammals, these discrepancies could reflect more stringent requirements for SF1/BBP in this system. We report here that extensive depletion of SF1/mBBP from HeLa cells nuclear extracts results in only modest reduction of their activity in spliceosome assembly and splicing. Some of these effects reflect differences in the kinetics of U2 snRNP binding. Although U2AF 65 binding was reduced in the depleted extracts, the defects caused by SF1/mBBP depletion could not be fully restored by an increase in occupancy of the Py-tract by exogenously added U2AF 65 , arguing for a role of SF1/mBBP in U2 snRNP recruitment distinct from promoting U2AF 65 binding.
INTRODUCTION
The expression of eukaryotic genes requires the accurate removal of intervening sequences (introns) and the concomitant fusion of the flanking exons via RNA splicing. The correct recognition of 5' and 3' splice sites occurs in the spliceosome, a large and dynamic macromolecular complex of small nuclear ribonucleoprotein particles (snRNPs) and non-snRNP proteins that assembles in a stepwise manner on the pre-mRNA (1, 2) . Five snRNPs play a role in removal of canonical GU/AG introns, each composed of a different U snRNA, a set of polypeptides common to most spliceosomal snRNPs and a set of proteins specific for each snRNP (reviewed in 3, 4)
The first ATP-dependent step in spliceosome assembly is the stable association of U2 snRNP with the 3' part of the intron (reviewed in 5, 6) . This part of the pre-mRNA contains three sequence elements important for the splicing process: the branchpoint region (BP), the polypyrimidine tract (Pytract) and the conserved dinucleotide AG at the 3' splice site. The BP is highly conserved in yeast (UACUAAC) and is more degenerate in higher eukaryotes (consensus YNCURAY, Y = pyrimidine, R = purine, N = any nucleotide). The BP establishes base-pairing interactions with a specific sequence of U2 snRNA, bulging out the nucleotide -usually adenosine-that forms a 2'-5' phosphodiester bond with the 5' end of the intron (7, 8, 9, 10) . The Py-tract, particularly important for splicing in higher eukaryotes, is a pyrimidine-rich sequence located immediately downstream of the BP and upstream of the AG dinucleotide (1).
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Biochemical fractionation of mammalian nuclear extracts indicated that stable binding of purified U2 snRNP to the premRNA requires 4 activities: SF3a, SF3b, U2AF and SF1 (11) .
SF3a and SF3b were subsequently found to be integral components of the 17S U2 snRNP that dissociate during purification (12) . U2AF is composed of two subunits of 65 and 35 kDa (13) .
U2AF 65 binds to the Py-tract (14) , while U2AF 35 recognizes the 3' splice site AG and helps to stabilize the U2AF 65 /Py-tract interaction (15, 16, 17) . SF1, also called mammalian Branchpoint Binding Protein (mBBP), was purified as a 75 kDa polypeptide and found to recognize specifically the BP (18, 19) .
The mechanisms by which U2AF and SF1/mBBP facilitate U2 snRNP binding are not well understood. The amino-terminal arginine-serine (RS) rich domain of U2AF 65 contacts the BP, and it has been proposed that its positively charged residues can stabilize the limited base pairing interactions that can be established between U2 snRNA and the BP (20, 21, 22 ). An interaction between U2AF 65 and SAP 155, a protein subunit of SF3b, can provide an additional mechanism for U2 recruitment (23) . U2AF 65 also interacts with UAP56, a DEAH-box helicase found to be important for U2 snRNP binding (24) .
SF1/mBBP and U2AF 65 interact with each other, and this interaction can facilitate cooperative recognition of the BP and Py-tract, that are adjacent to each other in the pre-mRNA (25, 26) . It is currently unclear whether SF1/mBBP plays other roles in promoting U2 snRNP assembly.
SF1/mBBP contains at least five distinct structural domains. The amino-terminal region contacts U2AF 65 (27) an
Role of SF1/mBBP in mammalian spliceosome assembly Guth and Valcárcel essential interaction for SF1/mBBP function that is disrupted by phosphorylation by the serine/threonine kinase PKG-1 in response to cGMP (28) . This region of the protein is followed by an hnRNP K homology domain (KH domain) and a Zn-knuckle, two motifs implicated in RNA binding (reviewed in 29) . The KH domain is sufficient for specific recognition of the pre-mRNA BP (27, 30) , while the Zn-knuckle seems to confer additional RNA binding affinity, probably through interaction with the negatively charged phosphate backbone (30) . The RNA binding domains are followed by a proline-rich region and a carboxyterminal domain. Alternatively spliced variants of human SF1/mBBP are expressed in a cell-type-specific manner that differ in the length of the proline-rich region and have distinct carboxy-termini (31, 32) . The carboxy-terminus and the proline-rich region are not only dispensable for SF1/mBBP activity in spliceosome assembly in vitro but also for viability in yeast (27) and might be required for other functions of SF1/mBBP in vivo.
A Saccharomyces cerevisiae SF1/mBBP homologue was genetically identified by its synthetic lethality with MUD2, the gene encoding the functional homologue of U2AF 65 in yeast (25) . Biochemical experiments showed that ySF1/BBP also contacts the 3rd RBD of Mud2p and binds the BP (19, 25) . Direct interaction of ySF1/BBP with prp40, a component of U1 snRNP, suggests that ySF1/BBP can form a bridge between the 5' splice site and the 3' splice site region in one of the first detectable complexes able to commit the pre-mRNA to undergo splicing (25, 33) . Human SF1/mBBP has also been found to be a component of such complexes in mammals (19, 25) . SF1/mBBP is (35) . Mutant clones were confirmed by sequencing.
IgM mutPy was described in (36) . AdML was described in (37) .
Anti-SF1 antisera
Antibodies were raised in rabbits against an SF1/mBBP N-terminal peptide (MATGANATPLDFPS) coupled to keyhole limpet hemocyanin (38) or against recombinant SF1C4 (SF1 amino acid residues 1-320, as described in 27).
Affinity purification of anti-SF1 antibodies
Anti-SF1 peptide antibodies were affinity purified from the α-SF1 peptide antiserum. 100 µg recombinant SF1C4 were blotted onto PVDF membrane (Immobilon-P, Millipore). The membrane was blocked with PBST (phosphate buffered saline, 0.1 % Tween-20)
+ 5 % non-fat dry milk, incubated with 500 µl α-SF1 peptide serum for 4-5 hours at room-temperature, then washed with PBST 3x for 10 minutes. Bound α-SF1 antibodies were eluted with 500 µl 100 mM triethylamine pH 11.5 at room-temperature for 15 minutes. The solution was immediately neutralized by adding 1 ml 1M Tris.HCl pH 7. Purified antibodies were stored at -80˚C.
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Preparation of HeLa nuclear extract
HeLa nuclear extract was prepared as described by Dignam et al. (39) .
Immunoblot analysis
Proteins were separated by electrophoresis in a 10% SDS-polyacrylamide gel and transferred to nitrocellulose membrane 
SF1 immunodepletion
α-SF1 antibodies were covalently coupled to protein A sepharose beads (4fast flow, Pharmacia) using the dimethyl pimelimidate method (38) . 
In vitro transcription of splicing substrates
Transcription templates for the full length and 3' half substrates were generated by PCR from the AdML, pµM or pIgM-yBp plasmids including a T7 or SP6 promoter in the upstream primer. 
In vitro splicing assays and spliceosome assembly reactions
Splicing reactions and splicing complementation assays were performed as described elsewhere (36) . Spliced products were resolved on 13% denaturing polyacrylamide gels.
For time-course experiments of spliceosome assembly the reaction mixture was incubated at 30˚C, 5 µl samples were removed
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at different time-points and pipetted into chilled tubes containing 0.5 µl heparin (50 mg/ml; Sigma) to stop complex formation. Spliceosomal complexes were separated on native 4%
acrylamide:bisacrylamide (80:1)-0.5% agarose gels in 50 mM
Tris base-50 mM glycine buffer.
Gels were exposed to film (Kodak X-Omat AR) and/or phophorimager screens (Fuji BAS-MP).
UV cross-linking and immunoprecipitation of U2AF 65
The experiment was performed exactly as described elsewhere (36) .
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RESULTS
Immunodepletion of SF1/mBBP from HeLa nuclear extracts
To facilitate the functional analysis of SF1/mBBP, anti-SF1 antisera were obtained by inoculating rabbits with recombinant purified hSF1-C4 (aminoacid residues 1-320 of human SF1/mBBP, 27) or with a peptide containing the amino-terminal 14 aminoacids coupled to keyhole limpet hemocyanin (KLH). Western blot analyses revealed that both antisera and affinity-purified anti-peptide antibodies were able to recognize recombi- 
Effects of SF1 immunodepletion on splicing and spliceosome assembly
The effects of SF1/mBBP depletion on splicing and spliceosome assembly of two model pre-mRNA substrates derived from an adenovirus gene (AdML, 37) and a mouse IgM gene (34) were tested.
The RNA substrates were incubated under splicing conditions in mock-depleted or SF1-depleted nuclear extracts in the presence or absence of recombinant purified SF1-C4 protein.
This recombinant protein lacking the proline-rich region and carboxy-terminus had been previously shown to promote U2 snRNP binding in a reconstituted reaction with purified U2 snRNP and other auxiliary factors (27) . After incubation, the reaction mixtures were either directly resolved on native gels to separate spliceosomal complexes or on denaturing gels after RNA isolation to resolve intermediates and products of the splicing reaction. Figure 4A show that crosslinking of both endogenous or exogenously added purified recombinant GST-U2AF 65 could be detected, and that U2AF 65 crosslinking was strongly reduced when the Py-tract was mutated (Us mutated to As). Together with previous evidence for the binding specificity of U2AF 65 to Pytracts (41) these data argue that specific cross-linking of U2AF 65 to the Py-tract could be measured using this assay. showed that the proline-rich region of ySF1/BBP located in the carboxy-terminal half of the protein was not required for binding to Prp40p (25) . Second, FBP21 has been found in prespliceosome and spliceosome (A and B) complexes, probably associated to U2 snRNP, but not in commitment (E) complexes (44) . Third, the proline-rich region was found to be dispensable for promoting mammalian U2 snRNP binding in reconstituted reactions from purified components (27) and in SF1/mBBP depleted extracts (Figure 2 ) and also for yeast growth (27) .
Given that SF1/mBBP recognizes the nucleotide bases at the BP, and that these bases also establish base-pairing interactions with U2 snRNA, it seems unlikely that SF1/mBBP and U2 snRNA can be bound simultaneously at the BP sequence.
In fact, previous data are consistent with SF1/mBBP being replaced from the BP upon U2 snRNP binding (33, 45, 46) . The interaction between SF1/BBP and U2AF 65 mutually facilitates their interaction with the BP and Py-tract (19) .
One possible scenario is that SF1 simply assists U2AF 65 binding to the Py-tract and that only U2AF 65 has a recruitment function for U2 snRNP. RNA binding experiments using purified proteins have shown that SF1/BBP increases the affinity of U2AF 65 five fold (19) . This increase in affinity may be higher Role of SF1/mBBP in mammalian spliceosome assembly Guth and Valcárcel
